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We show that electrowetting (EW) with structured electrodes significantly modifies the distri-
bution of drops condensing onto flat hydrophobic surfaces by aligning the drops and by enhancing
coalescence. Numerical calculations demonstrate that drop alignment and coalescence are governed
by the drop size-dependent electrostatic energy landscape that is imposed by the electrode pattern
and the applied voltage. Such EW-controlled migration and coalescence of condensate drops sig-
nificantly alter the statistical characteristics of the ensemble of droplets. The evolution of the drop
size distribution displays self-similar characteristics that significantly deviate from classical breath
figures on homogeneous surfaces once the electrically-induced coalescence cascades set in beyond a
certain critical drop size. The resulting reduced surface coverage, coupled with earlier drop shedding
under EW, enhances the net heat transfer.
Dropwise condensation of water vapour is intrinsic to
natural phenomena like dew formation [1], and dew/fog
harvesting by animals (e.g. Namib Desert beetle) and
plants such as Namib Desert plant [2]. Dropwise con-
densation of vapour is also utilized in various technolo-
gies like water-harvesting systems [3], heat exchangers
for cooling systems [4], and desalination systems [5]. The
efficacy of these technologies depends on the nucleation,
coalescence and growth of the condensate droplets on sur-
faces, and on their subsequent shedding [6, 7]. The pat-
tern formed by condensing droplets is classically referred
to as a breath figure due to its similarity with the pattern
formed by breathing on a cold surface [8–10]. An intrigu-
ing feature of breath figures is that the pattern evolution
of condensate droplets is self-similar in time, as estab-
lished by scaling the droplet size distribution [11–15]. To
improve the efficiency of the dropwise condensation pro-
cess it is essential to control the underlying breath figure
characteristics.
In general, dropwise condensation can be controlled
by regulating the mobility of the droplets on the surface.
Enhanced dropwise condensation has been studied on su-
perhydrophobic nanostructured surfaces [16–19], on su-
perhydrophobic microgrooved and wettability-patterned
surfaces [20, 21], and on liquid impregnated textured sur-
faces [22, 23]. However, in all the studies so far droplet
mobility is altered passively by tailoring the characteris-
tics of the condensing surface through chemical or to-
pographical patterning. In this letter, we go beyond
such passive approaches and use alternating (AC) elec-
tric field in an electrowetting (EW) configuration with
patterned electrodes [24] to actively control the breath
figure evolution on otherwise homogeneous hydrophobic
surfaces. We demonstrate that EW significantly mod-
ifies the distribution of condensate drops using electri-
cal forces, and alters the statistical characteristics of the
entire ensemble of droplets from those established for
classical breath figures with randomly distributed drops.
The breath figure evolution under EW is characterized by
FIG. 1. (a) Schematic of the substrate used for the condensa-
tion experiments. Transparent interdigitated ITO electrodes
(red) are patterned on the glass substrate (grey), which is then
coated with a hydrophobic dielectric polymer film (green). A
schematic of a condensate droplet under EW is also shown.
(b) Comparison between breath figures without EW (con-
trol) (C-i to C-iii) and under EW (Urms = 150 V; f = 1
kHz) (EW-i to EW-iii) at different time (t) instants. The
(e)lectrode-(g)ap geometry underneath the dielectric film is
indicated by the solid red and white lines. Gravity points
from top-to-bottom i.e. along the negative y–direction.
size-dependent alignment of the condensate drops at the
minima in the corresponding electrostatic energy land-
scapes and enhanced coalescence. A scaling analysis
shows that the size-distribution of drops is self-similar in
time with different characteristics in the initial and final
growth phases. The unique transformation in the scaling
plot is triggered by EW-induced coalescence cascades be-
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2yond a critical drop size. Such EW-mediated alignment
and enhanced coalescence increases the average droplet
radius, but reduces the surface coverage.
The condensation experiments are performed on a
glass plate coated by a hydrophobic dielectric polymer
film (Fig. 1(a)). The glass substrate contains a stripe
pattern of transparent interdigitated ITO electrodes (Fig.
1(a)). The width of both the electrodes and the gaps is
200 µm. An AC voltage with a frequency of f = 1 kHz
and a maximum amplitude of 150 V Urms is applied. For
the experimental details see S1 in the Supplemental Ma-
terial [25]. For the experiments, a stream of vapour-air
mixture at a flow rate of 2 lt/min and a temperature
of 36± 1 ◦C is passed through a condensation chamber,
in which the substrate is kept at a temperature of 25
◦C. Condensation experiments are performed both with-
out EW (control) and under EW on identical substrates
and under identical experimental conditions. The con-
densation on the control and EW-functionalized surfaces
is monitored using a high resolution camera. We denote
the time instant at which reliably detectable condensate
drops of radius ∼ 5 µm are detected for the first time as
t = 0 s (for the image analysis procedure see S8 in [25]).
At the beginning, small drops appear at random lo-
cations on both the control and the EW-functionalized
surfaces and grow without coalescence (Fig. 1(b)(C-i),
(EW-i)). As the drops grow and coalesce frequently (see
Movie S1 in [25]), the drops on the EW-functionalized
surface initially align parallel to the electrode edges,
displaced towards the gap-centres (Fig. 1(b)(EW-ii)).
As the droplets grow further and exceed a critical size,
sequences of rapid coalescence events (coalescence cas-
cades) create approximately monodisperse drops bridg-
ing the gap (wg) between two adjacent electrodes, and
aligned along the gap-centres (Fig. 1(b)(EW-iii); Fig.
S2 in [25]). At the same time, the drops on the control
surface remain randomly distributed, and display more
polydispersity and smaller average sizes (Fig. 1(b)(C-
iii)). The transformation in the breath figure under EW
(from Fig. 1(b)(EW-ii) to (EW-iii)) occurs within a nar-
row transition period. Eventually, the gravity-induced
drop shedding occurs earlier under EW compared to the
control surface (Fig. S3 in [25]).
To quantify the unique distribution of droplets under
EW, we project the droplets in the breath figure onto
unit cells of width equal to the pitch (l) of the electrode
pattern, and ranging from one electrode-centre to the ad-
jacent electrode-centre. Within a unit cell, we calculate
the variation of the droplet area fraction (S¯x) along the
lateral (x–) direction. Here, S¯x =
∑
iAi/Auc, where Ai
is the ith droplet contact area along a line parallel to the
electrode edges (y– direction), and Auc is the unit cell
area; 〈S¯x¯〉 represents the average over all unit cells in the
breath figure, and x¯ = x/l. The temporal evolution of
〈S¯x¯〉 shows the gradual development of two similar peaks
from the gap edges (Fig. 2(a)). The development of these
FIG. 2. (a) Colour-coded temporal evolution of the aver-
age area fraction distribution of drops (〈S¯x¯〉) along the non-
dimensionalized lateral co-ordinate (x¯ = x/l), over one pitch
of the electrode pattern under EW (Urms = 150 V). The
temporal variations of the peak values (〈S¯x¯〉p) in 〈S¯x¯〉 for dif-
ferent voltages are shown in insets– (I) Urms = 150 V, (II)
Urms = 100 V. The temporal variations of the peak locations
in 〈S¯x¯〉 are shown by star markers in (b). The transition pe-
riod is shown in the insets in (a), and in (b), by the grey
area. (c) The non-dimensionalized electrostatic energy (E¯el)
landscapes corresponding to representative values of the area-
weighted average radius (〈r〉p = 20, 40, 60, 80, 100, 110 µm) of
the drops constituting the peak(s) in 〈S¯x¯〉 before (with two
minima) and after transition (with a single minimum). The
evolution in the electrostatic energy minima locations with
increasing 〈r〉p is shown by the solid black line in (b). Inset
shows the electric potential (ϕ) distribution for a condensate
droplet under EW (schematic in Fig. 1(a)).
local maxima describes the alignment of the condensate
drops on both sides of the gap-centre (Fig. 1(b)(EW-ii)).
In contrast, the corresponding 〈S¯x¯〉 distribution on the
control surface remains uniform (Fig. S4 in [25]). At any
time instant, the peak value (〈S¯x¯〉p) describes the max-
imum droplet coverage. Over time, as the droplets coa-
lesce and grow (see Movie S1), 〈S¯x¯〉p gradually increases
(red symbols in inset (I) in Fig. 2(a)), and concurrently,
the locations of the two peaks gradually shift towards the
gap-centre (symbols in Fig. 2(b)). As the average radius
of the drops constituting a peak (〈r〉p) exceeds a critical
value 〈r〉∗p ∼ 0.3wg, the coalescence cascades set in. Con-
sequently, a new peak in 〈S¯x¯〉 emerges at the gap-centre
(purple symbols in inset (I) in Fig. 2(a)) while the side
peaks start to decay; this marks the beginning (t∗b) of the
3transition period. Within the transition period, the side
peaks disappear and the peak at the gap-centre survives
in the end (t∗e) (Fig. 2(a) and inset (I), and Fig. 2(b)).
This single peak in 〈S¯x¯〉 reflects the alignment of the big-
ger condensate drops at the gap-centre (Fig. 1(b)(EW-
iii)). Beyond t∗e, these drops grow (Fig. 2(a) and inset
(I)) while remaining aligned along the gap-centre (Fig.
2(b)). A similar breath figure evolution is observed for
other values of the applied voltage, as shown by the 〈S¯x¯〉p
evolution at Urms = 100 V (inset (II) in Fig. 2(a)).
To understand the evolution of 〈S¯x¯〉 under EW, we cal-
culate the electrostatic energy (Eel) profile over the unit
cell for a representative condensate droplet of variable
size (schematic in Fig. 1(a)). For a droplet having radius
r = 〈r〉p, the electric potential (ϕ) corresponding to a
x−position is calculated by solving ∇· [(0−i σω )∇ϕ] = 0
using a finite element method (inset in Fig. 2(c)). Here,
0 is the vacuum permittivity,  is the material dielec-
tric constant, σ is the material electrical conductivity,
and ω is the circular frequency. For the present exper-
imental conditions, the contribution of polarization cur-
rent is significantly small compared to the conductive
contribution. Hence, the system operates in the AC-
EW regime rather than ‘dielectrowetting’ [26] (see S9 in
[25] for numerical computation details). Thereafter, the
total electrostatic energy of the system is calculated as
Eel = −
∫
v
1
2
~E · 0 ~E dv, where ~E = −∇ϕ is the electric
field, and v is the computation domain volume. Sub-
sequently, the Eel(x) landscape (non-dimensionalized as
E¯el = |Eel|/4pi〈r〉2pγ; γ is the water-air surface tension)
is evaluated as a function of the drop position along
the unit cell. Before the onset of coalescence cascade
i.e. for 〈r〉p <∼ 〈r〉∗p, E¯el is symmetric about the gap-
centre with minima (electrostatic potential wells) on ei-
ther side of it (Fig. 2(c)). The locations of these two
potential wells gradually shift towards the gap-centre
with increasing 〈r〉p (dotted line in Fig. 2(c)). The
temporal evolution of the peak locations in 〈S¯x¯〉 (sym-
bols) closely follow the electrostatic energy minima loca-
tions (solid black line) corresponding to increasing 〈r〉p
(Fig. 2(b)). The drops formed due to coalescence un-
der EW thus migrate to the electrostatic energy minima
corresponding to their sizes, culminating in the align-
ment of the drops on either side of the gap-centre. As
〈r〉p exceeds 〈r〉∗p ∼ 0.3wg, droplets under the side peaks
with r > 〈r〉∗p migrate towards the corresponding electro-
static energy minima even closer to the gap-centre. Mo-
tion of these droplets initiates collisions between droplets
on both sides of the gap-centre triggering the coales-
cence cascades (S5 in [25]). The resulting drops with
diameters comparable to wg (r >∼ 0.6wg), along with
the adjacent electrodes, form two parallel plate capac-
itors in series, with the dielectric layer as spacers [27].
In this case, E¯el is symmetric with a single minimum
at the gap-centre (Fig. 2(c)). Consequently, these ap-
proximately monodisperse drops migrate to, and remain
FIG. 3. Evolutions of the area-weighted mean radius (〈r〉)
of the breath figure droplets without EW (control) and un-
der EW (Urms = 150 V) till the first shedding. The droplet
patterns corresponding to different growth regimes of 〈r〉 un-
der EW are shown as insets. The similar 〈r〉 variation for
Urms = 100 V is shown in Fig. S6 in [25].
aligned along, the gap-centre (Fig. 2(b)). Such align-
ment results in a definite periodicity of the droplet pat-
tern along the x− direction which is determined by the
electrode pitch (Fig. 1(b)(EW-iii)). Furthermore, EW-
induced coalescence cascades result in a sharp increase of
the area-weighted average radius (〈r〉 = ∑ r3/∑ r2) of
the droplets (Fig. 3). The larger droplets created due to
the coalescence cascades increase 〈r〉, compared to that
for the control surface (Fig. 3). Eventually, the gravity-
driven drop shedding under AC-EW sets in at a smaller
drop size as compared to the control surface (Fig. 3),
due to the reduction of effective contact angle hysteresis
under AC-EW [28] and the consequential enhancement
of gravity-driven drop mobilization [29].
The EW-mediated evolution of the droplet size distri-
bution is also significantly different from that established
for classical breath figures. The droplet size (s ∼ r3) dis-
tribution under EW is bimodal exhibiting a power-law
decay for smaller droplets and a bell-shaped distribution
for larger droplets (Fig. 4(a)). Here, ns(s, t) represents
the number of droplets of volume s per unit droplet vol-
ume and surface area. The temporal variation of ns is
self-similar obeying the scaling relation [11–13, 30]
ns(t) = s
−Θf(
s
S
) (1)
(Fig. 4(b) and Fig. S7 in [25]). Here, S(t) ∼ 〈r〉3, and
the exponent Θ = 1 + d/D depends on the dimension-
ality of the drops (D = 3) and the condensing surface
(d = 2). For t < t∗b , the coalescence-dominated evolu-
tion of the bell-shaped distributions for the larger drops
is collapsed by the similarity transformation (Eq. 1) on
considering Θ = 5/3 (grey shaded region of the scaling
plots for t < t∗b in Fig. 4(b)). It must be noted that the
smaller drops (ln[s/S] < −4) follow a different scaling
4FIG. 4. (a) Self-similar evolution of the droplet size (s) dis-
tribution (ns) in the breath figure under EW (Urms = 150 V)
before and after the transition period. The time evolution is
colour coded with times before and after transition coloured
in shades of blue and red respectively. The triangular mark-
ers show the ns estimates for average drop sizes constituting
the peaks in 〈S¯x¯〉 (Fig.2(a)). (b) Corresponding scaling plots
of ns obtained using Eq. 1 before and after the transition.
The ns evolution within the transition period, and the corre-
sponding scaling plots, are shown in the insets in (a) and (b)
respectively.
that is dependent on the nucleation and the small scale
growth mechanisms [15, 30]. However, for characterizing
the breath figures under EW (Fig. 2(a)), it is sufficient
to describe the evolution of the bell-shaped part of the
droplet size distribution, since the corresponding droplets
align within the gaps. This is substantiated by the fact
that the ns estimates corresponding to sp ∼ (〈r〉p)3 are
close to the peak of the bell-shaped distribution (trian-
gular markers in Fig 4(a)). Naturally, the evolution of
ns(s, t) under EW loses its self-similarity in the transi-
tion period due to the EW-induced coalescence cascades
(inset in Fig. 4(b)), unlike the droplet size distribution
for the control, which remains self-similar throughout the
coalescence-dominated growth regime (Fig. S7 in [25]).
However, for t >∼ t∗e, the evolution of ns for the larger
droplets again exhibits self-similarity, albeit with a sig-
nificantly different functional form compared to that for
t < t∗b (Fig. 4(b)) and for the control(Fig. S7 in [25]).
The almost uniform sizes of the large droplets created
FIG. 5. Evolutions of the breath figure surface coverage (Γ)
without EW (control) and under EW (Urms = 150 V). Inset
shows the enhanced heat flux under EW. Heat transfer data
are recorded in a separate setup; see S10 in [25] for details.
due to the coalescence cascades manifest in the narrower
bell-shaped distribution for t >∼ t∗e (compare the blue
versus red scaling plots in Fig. 4(b)). Furthermore, due
to the large separation of sizes between the dominant
monodisperse droplets and the small background droplets
(Fig. 1(b)(EW-iii)), the corresponding bell-shaped dis-
tributions are no longer peaked at S, contrary to that
for t < t∗b and for the control surface (Fig. 4(b); Fig.
S7 in [25]). Interestingly, the alignment of the growing
monodisperse drops at the electrostatic energy minima,
which always remain at the gap-centre, makes the cor-
responding size distribution analogous to that for con-
densation on a line (d = 1) [12]. Such evolution of the
droplet size distribution is unique to the EW-induced
anisotropy in the system. Furthermore, the significant
reduction in ns for the relatively larger droplets, due to
the coalescence cascades (Fig. 4(b)), results in enhanced
‘release’ of substrate surface area. Consequently, we ob-
serve ∼ 10 − 12% reduction in the steady state surface
coverage (Γ =
∑
pir2/AFOV ; AFOV is the area of the
field of view) under EW, with respect to the control sur-
face (Fig. 5). The reduced Γ coupled with the enhanced
gravity-driven shedding of condensate drops, due to the
AC-EW-induced increased droplet growth and reduced
hysteresis, results in enhanced heat transfer (inset in Fig.
5). Preliminary heat transfer measurements show a strik-
ing 50−60% increase in net heat flux for dropwise conden-
sation under EW (inset in Fig. 5). It must be noted that
thinner inorganic dielectric layers (e.g. SiO2 or Al2O3)
are available for EW [31, 32] to significantly minimize
the thermal resistance compared to the presently used
polymer layers.
In summary, we have shown that the electrostatic en-
ergy landscape under AC-EW induces migration and co-
alescence of condensate droplets leading to unique breath
figure characteristics. The coalescing drops align at the
5corresponding electrostatic energy minima, instead of
staying restricted to the centre of mass of the parent
drops as in classical breath figures. The resulting pe-
riodicity of the droplet pattern under EW can be fur-
ther controlled by simply tuning the electrode geometry.
We hope that this study will trigger a general theoret-
ical analysis of drop condensation patterns in arbitrary
energy landscapes. We have also shown that the mod-
ification of the breath figure characteristics under EW
leads to enhanced heat transfer. We anticipate that these
effects will be very useful for optimizing applications in-
volving dropwise condensation, like heat exchangers and
breath figure templated self-assembly [33].
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